P roposals for deliberate modification of the climate system to counteract anthropogenic climate change are gaining momentum [1] [2] [3] [4] [5] [6] [7] . Prominent among the proposed technological fixes (collectively dubbed climate engineering or geoengineering) is an assortment of sunlight-reflection methods (SRM, also called solar-radiation management or short-wave climate engineering) that includes: injecting reflective particles into the stratosphere; brightening marine stratocumulus clouds in the troposphere; and increasing the reflectivity of the Earth's surface, including vegetated areas, oceans and built environments. Their common aim is to modify Earth's energy balance to maintain an average surface temperature within some acceptable range by increasing planetary albedo (reflectivity) to reduce absorption of incoming shortwave radiation. A growing body of literature addresses scientific, technical, environmental, ethical and legal issues [1] [2] [3] [4] [5] [6] [7] . However, it largely ignores the question: could we detect the impacts of either a planned, publicized or independent, undisclosed climate engineering effort?
The answer depends on the availability and adequacy of global observations and on the background variability of the climate system. Although several workshop and committee reports 1,2,4 mention the general problem of detecting engineered albedo changes (and one 7 outlines observational requirements for monitoring incoming and reflected solar radiation), no analysis so far has quantitatively estimated detection limits for engineered albedo changes. Studies have considered detection of temperature (and precipitation 8 ) changes that might result from SRM activities using either rough estimates 7 or model simulations 8 of the background variability. Because changes in these variables have a direct impact on ecosystems and societies, they are of critical interest in SRM discussions. However, temperature and precipitation can change not only in response to changes in climate forcings, but also because of natural climate variability. Thus detection of albedo changes due to SRM is fundamental to determining the effectiveness of SRM in changing Earth's radiative balance and in causing subsequent changes A key question surrounding proposals for climate engineering by increasing Earth's reflection of sunlight is the feasibility of detecting engineered albedo increases from short-duration experiments or prolonged implementation of solar-radiation management. We show that satellite observations permit detection of large increases, but interannual variability overwhelms the maximum conceivable albedo increases for some schemes. Detection of an abrupt global average albedo increase <0.002 (comparable to a ~0.7 W m −2 reduction in radiative forcing) would be unlikely within a year, given a five-year prior record. A three-month experiment in the equatorial zone (5° N-5° S), a potential target for stratospheric aerosol injection, would need to cause an ~0.03 albedo increase, three times larger than that due to the Mount Pinatubo eruption, to be detected. Detection limits for three-month experiments in 1° (latitude and longitude) regions of the subtropical Pacific, possible targets for cloud brightening, are ~0.2, which is larger than might be expected from some model simulations.
in surface climate variables. This analysis uses observations of incoming and outgoing short-wave radiation to estimate detection limits for hypothetical SRM-induced albedo increases in an effort to help frame discussions of potential SRM field experiments and implementation.
Challenges of detecting climate engineering
Detection of albedo changes from SRM, like climate change detection in general, is essentially a signal-to-noise problem. The climate system perturbation must exceed both measurement uncertainty and climate variability. Complications arise from the expectation that SRM signals will have spatial and temporal structure. A large regional albedo increase might occur in an area that is not well observed, might be offset by albedo decreases elsewhere or might not appreciably change the global average. A response might not take place immediately, either because of lags in the climate system or because the engineering activity might involve a gradual change. The activity might not cause a sustained effect because the intervention is short term, because climate system processes damp the initial local signal 9 or because the system tends to rebalance to maintain a stable global or hemispheric value 10 . One can foresee such signal-detection complications arising with the leading SRM proposals:
• marine stratocumulus cloud-brightening effects in one region causing opposite albedo effects nearby due to associated changes in atmospheric dynamics 9 • aerosol injection into the stratosphere causing a gradual increase in albedo as concentrations increase and a gradual decrease as particles leave the atmosphere • SRM being attempted in a region lacking long-term observations • governance mechanisms endorsing SRM experiments whose proposed impact is below some regulatory threshold 11 or which are anticipated to be measurable locally but not environmentally significant at larger scales
An approach to SRM detection
This analysis used standard statistical tests and existing observations [13] [14] [15] to estimate detection limits for idealized albedo interventions. We considered detection at both the global and regional scales, distinguished between abrupt, sustained interventions and gradual ramp-up schemes, and assessed how the duration of an experiment influences its detection. Because we used existing data, the analysis could not investigate the effects of potential feedbacks induced by the perturbation. Details regarding data and test procedures are in the Methods section.
Uninterrupted, near-global, high-precision records of incoming and reflected solar radiation measured by satellite-borne instruments are required for detecting SRM activities. Whether the intended albedo increase is at the surface (for example, light versus dark coloured roofs), in the troposphere (cloud brightening) or in the stratosphere (aerosol injection), the goal is to increase reflection from the planet, so space-based measurements are well-suited to the detection problem. We employed albedo computed from the 2000-2012 CERES EBAF Ed2.6r [13] [14] [15] observations to simulate SRM interventions and to determine how large an intervention must be for it to be detected above the variability of the climate system. The monthly 1° latitude × 1° longitude (~10 10 m 2 ) resolution of the data frames the space and time resolution of both this analysis and potential future SRM detection based on these observations.
Patterns of albedo variability
The annual cycle causes the most salient variations in albedo 16 ( Fig. 1a-d) . At high latitudes, snow and ice accumulation in winter produce the largest seasonal changes (~0.4 non-dimensional albedo units), but at lower latitudes, changes in vegetation and cloudiness also cause significant albedo changes (~0.2). The amplitude of the annual cycle in global average albedo is 0.03, ~10% of the annual mean value (0.29); see Methods and Fig. 2 . We examined two areas of the eastern subtropical Pacific Ocean, each at both 1° × 1° and 5° × 5° resolution, where the annual cycle is a much larger percentage of the annual mean, and a 1° × 1° area of the central equatorial Pacific, where both mean albedo and albedo variability are very low ( Fig. 1 and Methods). The amplitude of the annual cycle is ~0.10 and 0.25, in the northern . e, Standard deviations of monthly albedo anomalies for the same period. f, Detection limit based on a five-year data record before an abrupt, sustained increase in albedo, and a one-year period after. All albedo values are dimensionless ratios (that is, they are not expressed as percentages). CP is the equatorial location, and NP and SP are the northern and southern subtropical locations, respectively. and southern subtropical locations (NP and SP in Fig. 1) , respectively, or ~37% and 78% of the annual mean values of 0.27 and 0.32. In the equatorial location (CP in Fig. 1 ), the annual mean albedo is 0.13, and the amplitude of the annual cycle is ~6% of the mean.
For the purposes of detecting SRM-induced albedo perturbations, these expected seasonal variations can be computed from prior multi-year observations and readily removed. Interannual albedo variations, on the other hand, are generally non-periodic and so constitute noise that must be exceeded for confident detection. The magnitude of interannual variations (as measured by their standard deviation, Fig. 1e ) is larger for ocean than for land areas and is greatest where snow and ice vary most (the edges of the polar zones) and where cloud cover varies most (the tropical Pacific and Indian oceans). Among land areas, Africa, the Middle East, the northern part of South America, parts of Southeast Asia and Australia, and some islands in the equatorial western Pacific exhibit relatively low interannual albedo variability (Fig. 1e) , and relatively low average albedos (Fig. 1a-d) , a combination that might make those regions seem to be good candidates for SRM, for example, by increasing the reflectivity of grasslands 17, 18 . Monthly albedo anomaly time series (Fig. 2) suggest, and calculations confirm, that there is no significant trend and little shorter-term persistence (autocorrelation) in the 12-year record (see Methods) that would confound detection by either masking or enhancing an engineered effect. These climate-related variations far exceed measurement uncertainty, which we neglect as a source of noise: the standard deviation of global monthly anomalies is 0.0015 (Methods), which is ~2.5 times larger than the 0.0006 one-sigma global uncertainty in monthly mean albedo 15 .
Defining global detection probabilities
Although SRM proposals target specific regions, their main aim is to increase global average albedo. Therefore, we first examined detection limits at the global scale. Figure 3 illustrates some general principles and detection probabilities for an engineered 0.002 albedo increase (for example, from 0.293 to 0.295). Such a global change in albedo is comparable to an ~0.7 W m -2 reduction in radiative forcing. It exceeds the estimated upper limit of albedo changes for SRM proposals involving land surface changes and biological enhancement of marine clouds 17 , but is less than the estimated upper limit associated with mechanical enhancement of marine cloud albedo 17 and stratospheric aerosol injection 4 . We imposed both abrupt and gradual 0.002 perturbations to the 2000-2012 global anomaly time series (Fig. 2) , then tested all possible adjacent time intervals, of varying lengths, to estimate the probability of such a change causing a statistically significant increase (see Methods). Abrupt changes (Type 1, described in Methods) could be caused by SRM field experiments of limited duration or by SRM deployment that achieves an immediate albedo change and maintains it for a fixed period or indefinitely. Table 1 . Gradual changes (Type 3 in Methods) could be caused by monitored deployment ramping up to a steady-state intervention 7 . As seen in Fig. 3 , with a five-year observational record before an intervention, a 0.002 increase has a probability of detection P of 60-100% if the intervention is abrupt and sustained (Type 1), and P increases with increasing time (from 6 to 24 months) after initiation of SRM. If the intervention is gradual (Type 3), P ranges between 30% and 80%. In general, P is higher for abrupt changes than gradual ones, at least in part because the time-integrated albedo change is larger in the abrupt case, and for longer waiting periods after intervention. Detection probabilities for a two-year prior record are ~5-20% lower than for five-year records. These results underscore the value of an extant, continuous data record before SRM to characterize pre-intervention average albedo and its variability.
Global and regional detection limits
Using five-year prior records and one-year waiting periods, Fig. 4 shows global and regional detection probabilities for ranges of abrupt, sustained (Type 1) albedo increases. Globally, a 0.0001 change, the estimated 17 effect of changing land surface albedo in urban areas totalling ~10 12 m 2 , has P < 20%. The probability rises to 95% for a perturbation of 0.002, and we define the threshold perturbation at which P = 95% as the detection limit. Based on Fig. 4, a 0 .006 change in the global average albedo, the estimated 17 effect of increasing land surface albedo in desert areas totalling ~10 13 m 2 (~2% of Earth's surface), would be detectable, as would an increase of 0.01, which is large enough to counteract the radiative forcing associated 17 with a doubling of atmospheric carbon dioxide relative to pre-industial levels.
For albedo change averaged over smaller regions, similarly defined detection limits are much larger (Fig. 4 and Methods). In the 10° latitude equatorial band, it is 0.01, about the magnitude of increase observed in that region in August after the June 1991 eruptions of Mount Pinatubo 19 , an oft-cited natural analogue for SRM proposals involving stratospheric aerosols. Assuming no compensating albedo changes outside this region, a 0.01 equatorial albedo increase is equivalent to a ~0.002 global increase -the estimated global detection limit.
The two 1° × 1° subtropical marine regions examined have detection limits of 0.04 and 0.05, with a larger limit in the northern subtropical Pacific, due to the higher interannual variability there. A model-estimated 0.4 maximum albedo increase resulting from marine cloud brightening in a clean air mass region 20 would be easily detected. However, simulated estimates of the effects of ship tracks on albedo indicate much smaller increases (~0.08, or ~0.02 in polluted areas), and only within ~200 km of the source of cloud condensation nuclei 21 . If marine cloud brightening were to cause comparable albedo increases, they might not be detectable. Although an ~0.04 albedo increase could be detected in a 1° × 1° region, it would change global average albedo by only 0.000001 -three orders of magnitude less than the global detection limit. When these two domains were expanded to 5° × 5° (an area 25 times larger), we obtained very similar measures of variability and the same detection limits (to one significant figure) as for the smaller regions, because the monthly anomaly time series for the larger region closely resembles that of the smaller one.
The spatial pattern of detection limit largely mirrors that of anomaly standard deviation (Fig. 1e,f) and indicates regions where SRM is most and least likely to be detected. At this 1° × 1° resolution, detection limits range over an order of magnitude, from 0.01 (for example, northern Africa and the central equatorial Pacific) to 0.10 (for example, the western equatorial Pacific), highlighting the sensitivity of detection to the choice of test location.
Detectability of field experiments
The possibility of planned, internationally accepted outdoor SRM experiments depends on many factors, most beyond the scope of this discussion. One critical question is: how large an albedo change must be attempted, and for how long, to ensure it will be detectable? Experimenters would probably also want to detect changes in the parameters directly targeted by their experiments (for example, aerosol size and optical properties; cloud fraction and microphysical properties). However, to evaluate the efficacy of an experiment designed to increase reflection of sunlight fundamentally requires detection of a change in albedo. Alternatively, an SRM experiment undertaken without oversight from an agreed-upon governance structure, and possibly without public announcement, could potentially be 'detected' through sightings of people and equipment in action. But that evidence would reveal nothing regarding the potential impact on the energy balance of the climate system, for which the operative question is: would the climate monitoring community, with its current observational capabilities, detect the albedo change? Figure 5 shows the probability of detecting changes ranging over two orders of magnitude, and sustained for periods of 3, 6, 9 and 12 months, in the equatorial belt (5° N-5° S) and in the same Pacific Ocean regions examined above. As expected, longer experiments, and larger albedo changes, have a greater chance of being detected. Interventions that are highly likely (P = 95%) to be detected in a 12-month experiment, have little chance (P < 30%) in three-month experiments. The detection limit for a three-month Type 1 experiment in the equatorial band is ~0.03. If a small-scale three-month experiment were attempted in the carefully selected 1° × 1° region within this band with low albedo and low variability, the detection limit would be ~0.05. In the 1° × 1° subtropical Pacific Ocean regions, detection limits are ~0.2, about four times larger than in the equatorial region. If such large albedo changes could not be achieved and sustained over a three-month period, it is not likely that SRM experiments could be unambiguously detected in these regions.
The nature of the field experiment influences its likelihood of detection. An intervention that is immediate and sustained over the experimental period (Type 1 intervention) is more likely to be detected than one involving an initial pulse that decays exponentially (Type 2), such as might be expected for stratospheric aerosol injection. Gradually ramping up an albedo increase (Type 3) is even less likely to be detected (Supplementary Fig. S1 ).
Some caveats and practical implications
These notional SRM detection limits are sensitive to methodological choices. We offer them as initial, practical estimates of the magnitude of albedo effects whose detection is within the realm of possibility. Probability of detection would be smaller if the data windows before or after intervention were shorter or if the required P were higher. Furthermore, because albedo is ill-defined in polar night conditions, we were not able to perform these statistical tests for high latitudes.
More sophisticated approaches to detecting SRM effects on albedo are conceivable and could involve ancillary observations in targeted geographical areas to isolate possible engineered changes. For example, albedo changes over ocean regions from stratospheric aerosol injection might be detected at lower thresholds by employing cloud, tropospheric aerosol, sea ice, surface wind and ocean colour observations to distinguish stratospheric from surface and/or tropospheric changes.
These findings have implications for observing system requirements for future detection of climate engineering, as well as for the broader climate-engineering debate. Continuation of short-wave radiation observations by satellites, at the same level of precision as is now available or better, would probably allow detection of SRM activities exceeding the limits estimated here, if they were of large enough spatial scale. A gap in the data record would confound detection, even if the gap occurred before any intervention. This continuity requirement applies to climate change detection generally 22 and is not unique to the problem of detecting climate engineering activities.
With current observations, we would be unlikely to detect any but the most ambitious and effective SRM field experiment or implementation effort, because small effects would be masked by background albedo variability. If we can not unambiguously detect the effects of climate engineering on albedo, we can not ascertain the efficacy of authorized activities, detect surreptitious operations, understand and distinguish among the multiple causes of continuing and projected climate change, predict their effects on key climate variables such as temperature and precipitation, or effectively administer agreements to govern SRM activities. In short, if we can not measure the effects of climate engineering, we can not manage them.
Methods
Albedo data used in this analysis are derived from incoming solar and reflected short-wave fluxes from the Clouds and Earth's Radiant Energy System (CERES) Energy Balanced and Filled (EBAF) Top of the Atmosphere (TOA, Ed2.6r) datasets [13] [14] [15] , obtained from the NASA Langley Research Center CERES ordering tool at http://ceres.larc.nasa.gov. Observations are at monthly 1° latitude × 1° longitude resolution from March 2000 to June 2012. These data have been carefully quality controlled and are considered free of time-varying biases that could undermine this analysis 15 . We computed monthly mean albedo for each grid point and month as the ratio of reflected to incoming flux. Anomalies were computed by removing the long-term monthly average from each monthly value. All albedo values (means and anomalies) are dimensionless numbers and are expressed as ratios, not as percentages (as is sometimes done). Table 1 gives climatological mean albedo (averaged over the 12 years of observation) and standard deviations of the 12 annual values and of monthly anomalies, for five regions used in the analysis: globe, equatorial belt (5° N-5° S), a central equatorial Pacific Ocean region (5° S, 220° E), a north subtropical Pacific Ocean region (32° N, 238° E) and a south subtropical Pacific Ocean region (20° S, 288° E). Results for the two subtropical Pacific regions are given for 1° × 1° and 5° × 5° domains. Table 1 also shows estimated one-year detection limits, for an abrupt and sustained increase in albedo, given a five-year prior observational record. Detection limits are reported to one significant figure, in consideration of the assumptions and idealizations made in their estimation. Equivalent global albedo increases are estimated using area-weighted averaging, and by assuming regional albedo increases the same size as the estimated regional detection limit, and zero albedo change elsewhere.
The two regions of the eastern subtropical Pacific Ocean were selected because of recent field experiments 23, 24 that measured marine stratocumulus cloud properties, including albedo, and because these marine stratocumulus clouds have been mentioned as possible targets of brightening efforts 20 . Similarly, the equatorial zone has been mentioned in the context of stratospheric aerosol injection, another proposed sunlight reflection method, and the 1° × 1° region of the central Pacific was selected because of its low albedo and albedo variability.
Detection limits are based on the results of suites of Student's t-tests of means before and after hypothetical climate engineering activities. Non-parametric rank-order tests of medians were also conducted, and they gave identical results in >90% of cases. We employed the t-test because the effects of autocorrelation in time series on the number of degrees of freedom can be readily taken into account. Lag-one autocorrelations of monthly albedo anomaly time series are 0.12 and 0.28 for the globe and equatorial belt, respectively, and 0.12, and 0.08 for the 1° × 1° areas of the North Pacific and South Pacific, respectively.
Detection limits are estimated using sets of (at least ten) tests performed for specified observational window lengths before and after an intervention, and for a specified magnitude of intervention. By advancing through a time series of monthly albedo anomalies, all possible pairs of adjacent windows are tested by imposing an intervention (an increase in albedo) on the data in the second window.
If the mean anomaly in the second window is found to be statistically significantly greater (using a one-sided t-test, and at the 95% confidence level) from that of the first, we considered this a 'detected' change. Otherwise, the change is too small to be detected above the noise in the time series. If 95% or more of the tests for a given window length pair and intervention resulted in detection, we considered that intervention to be a detectable change. Detection limits were determined by gradually increasing the magnitude of the intervention until a detectable change was found. For context, we compared the estimated detection limits with albedo changes for different proposed climate engineering schemes, estimated by ref. 17 .
Three types of intervention were analysed. A Type 1 intervention is an instantaneous albedo increase held constant over the window. A Type 2 intervention is an instantaneous increase followed by an exponential decrease with e-folding time equal to the window length. A Type 3 intervention is a gradual linear increase over the window period. The time-integrated albedo change is largest for Type 1 and smallest for Type 3 interventions. Supplementary Fig. S1 shows that Type 1 interventions have a greater probability of detection than Type 2 interventions, which in turn have a greater probability than Type 3.
